Magnetic Properties of Cr-based Ternary Compound CrAlGe  by Yoshinaga, Soshi et al.
 doi: 10.1016/j.phpro.2015.12.126 
 
Magnetic properties of Cr-based ternary compound 
CrAlGe 
Soshi Yoshinaga1, Yoshifuru Mitsui1, Rie Y. Umetsu2  
and Keiichi Koyama 1 
 
1 Graduate school of Science and Engineering Kagoshima University, Kagoshima 890-0065, 
Japan 
2 Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan 
 
 
 
Abstract 
     Structural and magnetic properties of Cr-based compound CrAlGe were investigated. The crystal 
structure was found to be an orthorhombic TiSi2-type with lattice parameters a = 0.4770 nm, b = 
0.8254 nm and c = 0.8725 nm at room temperature. Magnetization curve of CrAlGe showed the 
ferromagnetic behavior. The saturation magnetic moment, spontaneous magnetic moment and Curie 
temperature of CrAlGe were determined to be 0.45 μB/f.u., 0.41 μB/f.u. and TC = 80 K, respectively. 
For the temperature T below 30 K, the decrease in the square of the spontaneous magnetization M0(T)2 
was proportional to T2. However, for 30 < T < TC, the decrease in M0(T)2 was proportional to T4/3. 
Obtained results suggest that CrAlGe is a weak itinerant electron ferromagnet. 
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1 Introduction 
     Mn-based ternary compound MnAlGe with a tetragonal Cu2Sb-type structure is ferromagnetic at 
the temperature below Curie temperature TC of 518 K [1-3].  The spontaneous magnetic moment of 
MnAlGe has been reported to be 3.25 μB/f.u. [3]. In the crystal structure, as shown in Fig. 1(a), Mn 
atoms occupy the 2a-site that locates two-dimensionally at c-plane, resulting a large uniaxial magnetic 
anisotropy of about 106 J/m3 along c-axis [1-3]. Therefore, the MnAlGe films were prepared for the 
application of the spintronics devices [4]. It was reported that Cr substitution for Mn in Mn1-xCrxAlGe 
(x ≤ 0.2) enhanced the spontaneous magnetic moment M0 and TC [2, 3]. However, it has been unclear 
why the magnetic properties improve by Cr substitution for Mn in Mn1-xCrxAlGe. In order to 
understand the Cr substitution effect on the magnetic properties of Mn1-xCrxAlGe, it is important to 
study the fundamental properties of CrAlGe as well as Mn1-xCrxAlGe systematically. However, the 
structural and magnetic properties of CrAlGe have been not characterized yet in detail, whereas 
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ternary phase diagram of Cr-Al-Ge at 673 K showed existence of CrAlGe phase as an equilibrium 
state [5, 6]. 
     In this study, the structural and magnetic properties of CrAlGe were investigated by X-ray 
diffraction and magnetization measurements.  
2 Experimental procedure 
Polycrystalline CrAlGe was prepared by induction melting of a mixture composed from 
appropriate amounts of pure elements (Cr, 99.99%; Al, 99.99%; Ge, 99.99%). Differential scanning 
calorimetric (DSC) measurements was carried out for an as-cast sample, and the melting point of 
CrAlGe was determined to be 1163 K. Therefore, the as-cast sample was annealed at 1073 K for 1 day 
and then quenched into the iced water. Powder x-ray diffraction (XRD) experiments were carried out 
using Cu-Kα radiation at room temperature. For determining the crystal structure and the x-ray 
reflection indices, the observed diffraction patterns were analyzed by comparison with calculated 
patterns using a Powder Cell program [7]. The magnetization M measurements were carried out using 
a superconducting quantum interference device (SQUID) magnetometer (Quantum Design) for 5 ≤ T ≤ 
390 K and magnetic fields H up to 5 T. 
 
3 Results and discussions 
Figure 2 shows the experimental XRD pattern (a), the calculated pattern for the orthorhombic 
TiSi2-type structure (b) and the calculated pattern for the tetragonal Cu2Sb-type structure (c). Tables 1 
and 2 list the parameters used for the calculated XRD patterns of the Cu2Sb-type structure and the 
TiSi2-type structure, respectively. Here, the parameters for the Cu2Sb-type structure were used from 
data in previous reports [3, 8]. It is known that MnAlGe has the tetragonal Cu2Sb-type structure. As 
seen in figures 2 (a) and (c), however, the experimentally obtained XRD pattern was inconsistent with 
the result of the Cu2Sb-type structure.  
 
 
 
Figure 1: Crystal structures of tetragonal Cu2Sb-type (a) and orthorhombic TiSi2-type (b). 
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On the other hand, the database of the ternary phase diagram of Cr-Al-Ge suggests that CrAlGe 
has orthorhombic TiSi2-type structure [5, 6], but there is no detailed information on the structural 
parameters. The TiSi2-type structure is shown in Fig. 1 (b). In this study, we assumed that Cr atom 
occupied the 8a-site, and both atoms of Al and Ge were at the 16f-site by the same occupancy in the 
TiSi2-type structure. The used parameters of the TiSi2-type structure are listed in table 2, and 
calculated XRD pattern is shown in Fig. 2 (b). As seen in this Fig. 2, the calculated XRD pattern for 
the TiSi2-type structure was good agreement with the experimental XRD pattern. All the diffraction 
peaks were indexed as a single phase of the TiSi2-type structure. The lattice parameters were 
determined to be a = 0.4770 nm, b = 0.8254 nm and c = 0.8725 nm.  
 
Figure 2: Experimental XRD pattern (a), the calculated pattern for the orthorhombic TiSi2-type 
structure (b) and the calculated pattern for the tetragonal Cu2Sb-type structure (c). 
Table 2. Determined parameters of TiSi2-type structures for CrAlGe. 
atom Wyckoff x(nm) y(nm) z(nm) Occupancy 
Cr 8a 0 0 0 1 
Al 16f 0 0.3365 0 0.5 
Ge 16f 0 0.3365 0 0.5 
a = 0.4770 nm, b = 0.8254 nm, c = 0.8725 nm, α = β = γ = 90o 
Table 1. Structural parameters of Cu2Sb-type structures for CrAlGe. Atomic positions [8] and the 
lattice parameters [3] are deduced from previous reports. 
Atom Wyckoff x(nm) y(nm) z(nm) Occupancy 
Cr 2a 0 0 0 1 
Al 2c 0 0.5 0.273 1 
Ge 2c 0 0.5 0.720 1 
a = b = 0.3913 nm, c = 0.5933 nm, α = β = γ = 90o 
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Figure 3 shows the magnetization curves in magnetic fields up to 5 T for 5 ≤ T ≤ 100 K (a) and 110 
≤ T ≤ 200 K (b). Spontaneous magnetic moment M0 of CrAlGe was determined to be 0.41 μB/f.u. at 5 
K by the linear extrapolation to H/M = 0 for the isothermal M2 vs. H/M plots (Arrott plot). The 
saturation magnetic moment MS was determined to be 0.45 μB/f.u. at 5 K by the linear extrapolation to 
H-2 = 0 for the isothermal M vs. H-2 plots. This value is almost consistent with the moment (maximum 
amplitude of the spin density wave: ~ 0.5 μB) of chromium [9]. 
      In this study, the crystal structure of CrAlGe is not the tetragonal Cu2Sb-type of MnAlGe but the 
orthorhombic TiSi2-type. In spite of that Cr substitution for Mn atom for MnAlGe enhanced M0 and TC 
in the previous researches [2, 3], M0 and TC of fully substituted compound CrAlGe was much lower 
than MnAlGe. That is probably due to the change of the crystal structure because the ferromagnetism 
of MnAlGe was originated by the magnetic moment of Mn atom located in c-plane. On the other hand, 
the Cr atoms in CrAlGe do not located in two-dimensionally. In addition, the value of M0 for CrAlGe 
is not expressed by molecular field model.  
     
 
Figure 3: Magnetization curves of CrAlGe for 5 ≤ T ≤ 100 K (a) and 110 ≤ T ≤ 200 K (b). 
 
Figure 4: M2 vs. H/M plots (Arrott plot) of CrAlGe in magnetic fields up to 5 T for 60 ≤ T ≤ 90 K.  
Spontaneous magnetic moment M0 was determined by the linear extrapolation to H/M = 0. 
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      Figure 4 shows the isothermal M2 vs. H/M plots for 60 ≤ T ≤ 90 K. We estimated M02 by the linear 
extrapolation to H/M = 0 for the M2 vs. H/M plots. In this study, the Curie temperature TC was 
determined to be 80 K by the extrapolating the line representing M02 vs. T toward M02 = 0, as shown in 
Fig. 5. Temperature dependence of the magnetic moment under H = 0.05 T is also shown in the inset 
of Fig. 5. The magnetic moment vanished in the vicinity of 80 K, which is consistent with TC 
determined by the M02 vs. T relation.  
Figure 6 shows the temperature dependence of the reciprocal susceptibility 1/χ (1/χ vs. T plot) for 
T > 150 K. The susceptibility χ was deduced from the temperature dependence of the magnetic 
moment in a magnetic field of 5 T, as shown in the inset of Fig. 6. The observed 1/χ vs. T plot is well 
expressed by the Curie-Weiss law, and the paramagnetic Curie temperature θp and the effective 
magnetic moment Meff were determined to be 95 K and 1.89 μB/f.u., respectively. 
 
 
 
 
Figure 5: M02 vs. T plot for 60 ≤ T ≤ 90 K. The solid line is least-squares fits to M02. 
 
Figure 6. Temperature dependence of the reciprocal susceptibility 1/χ . The inset shows the temperature 
dependence of the magnetic moment M in a magnetic field of 5 T. 
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The Curie-Weiss law is concluded from the Weiss theory (called localized electron model) which 
assumes a fixed magnetic moment per atom [9]. In this case, it is expected that the value of ps (= gJ) 
deduced from M0 is equal to that of pc calculated by using J deduced from Meff, where g is g-factor and 
J is the total angular momentum. It is well known, however, that the experimental results on many 
magnetic metals and alloys, which are not represented based on the localized electron model, also 
show the Curie-Weiss low. In general, pc/ps for ferromagnetic metals with high Curie temperature is 
nearly unity, while the ratio for metals with low Curie temperature becomes very large [9]. Magnetic 
materials of latter category are called weak itinerant-electron-ferromagnets (WIEF). Even in WIEF, 
the Curie-Weiss low holds.  
One of WIEF is Ni-Pt alloy (Ni0.45Pt0.55) with TC = 41.2 K, θp = 57.6 K, M0 = 0.182 μB/Ni at 5 K 
and Meff = 2.21 μB/Ni [10, 11]. From these results, it is expected that pc/ps is much larger than unity. 
For WIEF, Takahashi proposed a spin fluctuation theory, in which quantum spin fluctuations (zero-
point spin fluctuations) were considered [12, 13, 14]. Koyama et al. reported that the experimental 
results of the magnetic properties of Ni0.45Pt0.55 were consistent with Takahashi’s theory for WIEF [10].  
In this study, it is found that CrAlGe has magnetic properties with TC = 80 K, θp = 95 K, M0 = 0.41 
μB/Cr at 5 K and Meff = 1.89 μB/Cr. This suggests that pc/ps is larger than unity and CrAlGe is a weak 
itinerant-electron-ferromagnet. In order to clarify the origin of the magnetic properties of CrAlGe, it is 
important to analyze the magnetic data based on Takahashi’s theory [12, 13, 14], and to estimate the 
parameters T0 and TA characterized by the energy width of the dynamical spin fluctuation spectrum 
and the dispersion of the static magnetic susceptibility in the wave vector space, respectively. 
According to Takahashi’s theory, the fourth order expansion coefficient 1 of the magnetic free energy 
and the spontaneous magnetic moment ps(0) are expressed by the following equations: 
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where kB is the Boltzmann constant, N0 the number of magnetic sites. The values of 1 and ps(0) are 
obtained experimentally from analysis of the Arrott plots. The parameter T0 can be expressed by 
eliminating TA from equations (1) - (3) as follows: 
 


 
 

   


 
 (4) 
From the above expressions, the quantitative values for the energy scale of the spin fluctuation 
spectrum were estimated to be T0 = 1.0  103 K, TA = 4.0  103 K and η = 0.43. These values are 
comparable to those of typical WIEF such as MnSi, ZrZn2, Ni3Al, (Fe, Co)Si, etc. [14]. 
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The obtained value of η of CrAlGe was small (η = 0.43), which is consistent with Takahashi’s 
theory for WIFE [14]. In this case, M0(T)2 follows the T4/3–dependence in the temperature range below 
TC expect for very low temperature at which the T2–dependence is observed. At low temperature, the 
temperature dependence of ps(T)2 is simply given by 
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
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
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with ps(T) = M0(T)/μBN0. In Figs. 7(a) and (b), [ps(T)/ps(0)]2 vs. T2 and T4/3 plots are shown, 
respectively. As seen in Figs. 7(a) and (b), ps(T)2 shows a T2–dependence at low temperature side and a 
T4/3–dependence in the wide temperature range below TC. From the eq. (5) and using the low 
temperature data in the range 5 ≤ T ≤ 30 K, TA is estimated to be 3.8  103 K which is in good 
agreement with the value (4.0   103 K) determined by the magnetization process at 5 K. 
Consequently, the magnetization process of CrAlGe at 5 K and the temperature dependence of the 
spontaneous magnetization are consistent with Takahashi’s theory. 
4 Conclusions 
     The structural and magnetic properties of Cr-based ternary compound CrAlGe were investigated 
for 5 ≤ T ≤ 390 K and 0 ≤ H ≤ 5 T. CrAlGe has an orthorhombic TiSi2-type structure with the lattice 
parameters of a = 0.4770 nm, b = 0.8254 nm and c = 0.8725 nm at room temperature. The 
spontaneous magnetic moment, saturation magnetic moment, effective magnetic moment and Curie 
temperature of CrAlGe were determined to be M0 = 0.41 μB/f.u. at 5 K, MS = 0.45 μB/f.u. at 5 K, Meff = 
1.89 μB/f.u. and TC =80 K, respectively. The parameters T0 and TA were estimated to be   
 
 
 
 
Figure 7: Temperature dependence of the magnetic moment of CrAlGe: (a) [ps(T)/ps(0)]2 vs. T2 and (b) 
[ps(T)/ps(0)]2 vs. T4/3. The straight lines are least-squares fits to the data.  
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and  , respectively, by analyzing the magnetic data based on Takahashi’s theory. The 
obtained results suggest that CrAlGe is a weak itinerant-electron-ferromagnet. 
Acknowledgements 
Magnetization measurements were performed at Low-temperature center, Institute for Materials 
Research, Tohoku University. 
References 
[1] J. H. Wernick, S. E. Haszko and W. J. Romanov, J. Appl. Phys. 32, 2495 (1961). 
[2] H. Ido, T. Kamimura, and K. Shirakawa, J. Appl.Phs. 55, 2365 (1984). 
[3] R. Y. Umetsu, Y. Mitsui, I. Yuito, T. Takeuchi and H. Kawarada, IEEE Trans. Magn. 11, 
1001904 (2014). 
[4] S. Mizukami, A. Sakuma, T. Kubota, Y. Kondo, A. Sugihara and T. Miyazaki, Appl. Phys. 
Lett.103, 142405 (2013). 
[5] AtomWork <http://crystdb.nims.go.jp/> 
[6] Y. Xu, M. Yamazaki and P. Villars, Jpn. J. Appl. Phys. 50, 11RH02 (2011). 
[7] W. Kraus and G. Nolze, J. Appl. Cryst, 29 301 (1996). 
[8] K. Shibata, H. Watanabe, H. Yamauchi and T. Shinohara, J. Phys. Soc. Jpn., 35 448 (1973). 
[9] S. Chikazumi, Physics of Ferromagnetism (International Series of Monographs on Physics 
vol.94, Oxford Science Publications, Oxford, 2009). 
[10] K. Koyama, H. Sakai, T. Kanomata, K. Watanabe, and M. Motokawa, J. Phys. Soc. Jpn. 72, 
767 (2003). 
[11] K. Koyama, H. Sakai, T. Kanomata, K. Watanabe, and M. Motokawa, Physica B 329-333, 
1121 (2003). 
[12] Y. Takahashi, J. Phys. Soc. Jpn. 55, 3553 (1986). 
[13] Y. Takahashi, J. Phys.: Condens. Matter 13, 6323 (2001). 
[14] Y. Takahashi, Spin Fluctuation Theory of Itinerant Electron Magnetism (Springer Tracts in 
Modern Physics vol.253, Springer Berlin Heidelberg, 2013) 
 
Magnetic properties of Cr-based ternary compound CrAlGe S.Yoshinaga et al.
925
